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This study investigated the plasma reforming process for diesel focusing on the relative 
ratio of oxygen to fuel. Excess 0 2 in the partial oxidation process is known to increase the 
combustion portion, resulting in a decreased yield of H 2 and CO. However, in this para¬ 
metric investigation, there was no apparent decrease in the H 2 and CO selectivity. Adding 
0 2 did not increase the portion of combustion in the overall reaction. Rather, an excess 0 2 
supply from partial oxidation stoichiometry resulted in an increase in C0 2 selectivity 
without a reduction in CO selectivity. Heavy hydrocarbon species were identified as 
a source of C0 2 in excess 0 2 conditions due to preferential oxidative cracking. The addi¬ 
tional oxidation of Ci-C 4 species by excess 0 2 provided a minor contribution to C0 2 . Excess 
0 2 affects soot generation characteristics by suppressing the agglomeration of soot parti¬ 
cles, resulting in smaller particle generation. However, the oxidation of soot particles does 
not provide a major contribution to increasing the C0 2 selectivity. The results show that in 
a real reforming process, controlling the 0 2 supply does not have a strong effect on the 
process selectivity of hydrogen. 

© 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved. 


1. Introduction 

Emerging environmental issues have produced tight regula¬ 
tions to reduce C0 2 emissions in the energy and trans¬ 
portation fields [1]. Moreover, the expectation for petroleum 
oil to run out has created a demand in technology for alter¬ 
native fuels and renewable energy. In accordance with this 
trend, the notation for H 2 and C0 2 economics is introduced. In 
this period of transition from HC-based economics to H 2 - 
based economics, synthesis gas has emerged as a bridging 
step of development [2,3]; as it is mainly composed of H 2 and 
CO, synthesis gas can be obtained from existing fuels. 
Synthesis gas has been used as a raw material in Ci chemistry 
for decades, but it is now being used in new applications: 
a reducing agent in de-NO x systems, alternative fuel, the 
connecting stage in processing synthetic diesel from biomass 


and waste, and many other environmentally friendly appli¬ 
cations [4,5]. 

Clean diesel engines that compete with hybrid engines in 
fuel efficiency exhaust a lesser amount of C0 2 , but reducing 
the amount of NO x and particulate matter (PM) has become an 
issue. PM can be reduced through facilities such as diesel 
particulate filters (DPFs), and NOx can be reduced into N 2 
through de-NOx facilities such as LNT and SCR. Here, the 
technical issue is the selection of the reducing agent and 
reduction catalysts [5,6]. 

With the abovementioned background, this paper intro¬ 
duces a plasma reformer that converts diesel fuel into 
synthesis gas. Previous researches on diesel reforming mainly 
adopted the catalytic reforming process [7,8]. And the plasma 
reforming process has been recently tried. Both catalytic and 
plasma reforming process have pros and cons and plasma has 
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Fig. 1 - Schematic of rotating arc and generation of expanded arc with rotational motion. 


advantages in fast startup and tolerance to soot deposition. 
There have been reports on diverse plasma types for reform¬ 
ing [9-11]. Most of the studies on plasma reforming have used 
gas-phase hydrocarbon fuels such as methane and propane. 
In their paper, Petipas et al. [11] reviewed a diverse number of 
plasma sources used in the reforming process. 

Although the plasma reforming process consumes addi¬ 
tional electric power, it has many beneficial aspects: a fast 
startup, ease of control, coking insensitivity, and a rather 
small scale of reactor, which provides hope for its prospective 
use in on-board applications. In on-board applications, power 
consumption should be within the amount available from 
a battery. Therefore, the development of plasma reformer that 
aims for on-board applications should maximize the 
hydrogen production while minimizing the power consump¬ 
tion. To optimize the reforming process, the parameters of the 
reforming process should be analyzed in terms of hydrogen 
yield and process efficiency. Among the various parameters of 
the reforming process, the 0 2 /C ratio, or the molar ratio of 
oxygen to fuel carbon, is known to play an important role, as it 
has strong correlation to the heat release and reaction path [9]. 
This study investigated the role of 0 2 /C in the plasma 
reforming process for diesel; it verified that, in contrast to 
current knowledge [12], an increase in 0 2 does not lead to an 
increase in the combustion process rate. During verification, 


analyses of the behavior of Ci-C 4 species and the character¬ 
istics of soot generation were carried out. 


2. Experiment 

2.1. Rotating arc 

The plasma reformer used in this study is based on a rotating- 
arc reactor [9]. As shown in Fig. 1, the rotating-arc reactor is 
composed of a cylindrical ground electrode and a conical 
high-voltage electrode within. The reactant is introduced 
from the holes located at the bottom of the reactor. The influx 
of reactant flow is directed tangentially to generate a swirling 
flow within the reactor. Through this swirling reactant flow, 
the discharging arc is convected downstream with an 
expanded length. The discharge process takes place through 
the following steps. First, the discharge ignites at the 
minimum gap point between electrodes (A-B). The arc string 
then moves downstream to touch the end of the electrode 
(C-D). And after that, it blow out and the arc string is re-ignited 
at A-B, and the procedure is repeated. However, under some 
controlled conditions, the arc does not detach but becomes 
anchored at the edge of both electrodes (C-D) and rotates 
without re-ignition at A-B, as shown in the figure (right upper 
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Fig. 2 - Blue flame observed in plasma reforming process of 
liquid-phase diesel. 


part). A higher degree of ionization for the gas between the 
electrodes makes the path C-D more conductive than A-B; 
this is why the arc continuously stays at C-D. Normally, 
electric field between A and B is higher than that of C and D. 
However, reforming process, hosted from C-D region to 
downstream, much elevate the temperature between C and D 
resulting in locally lowered density and increased reactive 
species. Moreover, rotational flow within the reactor has 
effect of heat confinement making the region C-D more 
conductive. All of these effects are synergetic in elevation of 
degree of ionization. This change in mode maximizes the 
effective reaction volume and is crucial for hydrogen 
production with less energy [9]. 

All of the abovementioned characteristics provide an 
advantageous environment for fuel vaporization, gaseous fuel 
and oxidant mixing, and gas-phase reforming; these are 
essential steps for diesel fuel reforming. Liquid-phase fuel is 
injected through the holes located close to the tip of the high- 
voltage electrode that functions like a nozzle. Fuel is atomized 
by the nozzle, and atomizing airflow. Fast vaporization and 
mixing then take place due to the high-temperature envi¬ 
ronment within the reactor and the discharging airflow. As 
a result, under controlled conditions, even the blue flame that 
is usually observed in the gas-phase reaction can be observed, 
as shown in Fig. 2. The hole for fuel injection has a diameter of 
0.6-1.0 mm. Most of the air required for the reaction is 
provided through a connecting plenum located circum¬ 
ferentially outside the cylindrical reactor. The plenum has 
multiple holes that guide air into the reactor tangentially to 
create a swirling flow inside the reactor. The sum of the flow 
rates of the reaction and atomizing airflows gives the amount 
of air required for the partial oxidation reaction. 

The experimental apparatus used was the same as that 
used in a previous study by the authors for methane reforming 
[9]. The product of the reforming process was analyzed by GC, 
H 2 by TCD (CarboxenlOlO) and HC by FID (HP-AL/KCL). Product 
gas was sampled after moisture was removed by chiller and 
provided to column by Tedlar gas sampling bag (CEL®). GC was 


calibrated before analysis with standard gases with the 
composition of 1) H 2 /C0/N 2 /C0 2 (3.00/5.08/88.86/3.06), 2) H 2 / 
C0/N 2 /C0 2 (11.80/20.00/56.10/12.10), 3) CHyC^e/C^VCsHg/ 
n-C 4 H 1 o/C 2 H 2 /C 3 H 6 /i-C 4 H 1 o/N 2 (0.5050/0.0501/0.5110/0.0502/ 

0.0504/0.5260/0.0490/0.0485/98.6643), 4) CH4/C2H6/C2H4/C3H8/ 
h-C 4 H 10 / C 2 H 2 / C3H 6 /i-C 4 H 1 o/N 2 (2.050/0.203/2.070/0.203/0.203/ 
2.130/0.198/0.196/7.253/92.747) and discharge was obtained by 
an AC power supply with a high-voltage transformer. For the 
measurement and analysis of particles contained in the 
reformate gas, a differential mobility analyzer (DMA; TSI 3080) 
and condensation particle counter (CPC; TSI 3022A) were used. 

2.2. Reaction condition 

The partial oxidation process produces hydrogen from 
hydrocarbon fuels as described in the following equations. 
Equation (1) is the primary reforming process of partial 
oxidation, while Eq. (2) includes the successive shift reaction 
as well (dry-state reformate condition): 

C n H m + n/2(0 2 + 3.76N 2 ) -> nCO + m/2H 2 + 3.76(n/2)N 2 (1) 

C n H m + n( 0 2 + 3.76N 2 ) -+ nC0 2 + m/2H 2 + 3.76nN 2 (2) 

Commercial diesel fuel obtained from a gas station was 
used. Diesel fuel contains so many compositions that it needs 
to be expressed in terms of a surrogate fuel for analysis. In this 
study, the surrogate fuel formulation C 16 H 34 was used to take 
the heating value balance into account [13]. 

With the assumption of the diesel surrogate Ci 6 H 34 , the 
oxygen to carbon ratio (0 2 /C) for the reaction stoichiometry of 
partial oxidation was 0.5 And the tested oxygen to carbon 
ratios were designed to be 8-14.4. More details on the test 
conditions are given in Table 1. 


3. Results 

3.1. 0 2 /C as an experimental parameter 

The 0 2 /C ratio is defined as the molar ratio of oxygen (in air) to 
carbon number in fuel, and this ratio varies with the fixed total 
flow rate of the reactant used in the experiment. The specific 
energy density (SED) is defined as the electric power per unit 
volume of the reactant and represents the thermal environ¬ 
ment of the reaction [9]. Here, SED was obtained on the basis 
of the assumption of complete fuel vaporization under each 
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condition and is listed in Table 1. Because the change in SED 
was negligible under the tested conditions, the changes in the 
thermal conditions for the process were regarded as solely 
due to heat release from a different reaction path due to 
different 0 2 /C ratios. The change in heat release affects the 
conditions for fuel vaporization and mixing. Therefore, the 
expected effects of changing the 0 2 /C ratio can be listed as 
follows: ( 1 ) increase in the portion of the combustion process, 
(2) change in the selectivity of the main product (H 2 , CO, C0 2 ), 
and (3) change in the amount of hydrocarbon species in the 
product. The selectivity of the species is given by the equa¬ 
tions below: 


SEL (H 2 )(%) 


1 mole (Produced H 2 ) 
17 X mole (Ci 6 H 34 ) 


x 100 (%) 


( 3 ) 


SEL (CO)(%) 


1 mole (Produced CO) 
16 mole (C 16 H 34 ) 


x 100 (%) 


( 4 ) 


SEL (C0 2 )(%) 


1 mole (Produced C0 2 ) 
16 X mole (C 16 H 34 ) 


x 100 (%) 


( 5 ) 


Strictly speaking, 100% selectivity does not denote complete 
conversion of the fuel, since the surrogate fuel is not an exact 
expression of diesel fuel. However, these definitions can give 
insights to the relative effectiveness of the process. 


3.2. Equilibrium conditions 

Using the thermal equilibrium condition, the effect of the 0 2 /C 
ratio on the reforming performance was estimated with the 
EQUIL module of Chemkin code II [14] with thermodynamic 
data from Burcat and Ruscic [15]. The results are given in Fig. 3. 

The results showed an increase in H 2 0 and C0 2 , while H 2 
and CO decreased with increasing 0 2 /C; this implied a relative 
increase in the portion of combustion for the overall reaction. 
The results were re-plotted on a selectivity base. Because the 
equilibrium calculation was the result of the relative 



Fig. 3 - Thermal equilibrium composition according to 
varying 0 2 /C ratio conditions. 



Fig. 4 - Selectivity of H 2 /C0/C0 2 derived from equilibrium 
calculations. 


composition or mole fraction of the reaction product and the 
amount of N 2 remained unchanged during the reaction, 
the relative production of H 2 and CO to N 2 was re-calculated. 
The selectivity of selected species by this procedure is given 
in Fig. 4. 

The selectivity of H 2 was more sensitive to the 0 2 /C ratio 
than that of CO. The results showed excessively supplied 
oxygen above reaction stoichiometry of partial oxidation were 
more prone to oxidize H 2 than CO in a view of equilibrium 
condition. 


3.3. Reforming conditions and products 

The product of the reforming process using commercial diesel 
was analyzed. Because the amount of fuel was different for 
each 0 2 /C ratio, a comparison based on the selectivity was 
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0 2 /C ratio 

Fig. 6 - Change in selectivity of H 2 /C0/C0 2 against 0 2 /C 
ratios as derived from obtained data. 


required. Figs. 5 and 6 are the results of mole fraction obtained 
from the experiment and the derived selectivity for H 2 /CO/ 
C0 2 . The selectivity of the result was derived with the basis of 
surrogate fuel of Ci 6 H 34 and within available maximum power 
of 215 W (140-215 W). If more electric power was supplied and 
the surrogate was changed, the absolute value of selectivity 
itself could be much higher. Here, a somewhat different result 
from that predicted by equilibrium calculation was obtained. 
The selectivity of H 2 and CO did not show a significant change. 
However, C0 2 selectivity increased with increasing 0 2 /C ratio. 

Some possible reasons for the selectivity of H 2 and CO not 
changing considerably are that (1) the plasma-induced 
process may be affecting the process selectivity by inducing 
reaction paths other than that of the thermally activated 
process; or (2) the portion of combustion is not sufficiently 
high to differentiate the environment of the thermally acti¬ 
vated reaction. 



Fig. 7 - Temperature according to 0 2 /C ratio. Dashed line is 
for experiment and solid line is for equilibrium 
calculations. 



Fig. 8 - Particle size distributions in tested conditions 
showing characteristics for particle growth and 
agglomeration according to each 0 2 /C ratio. 


Because plasma includes chemically active species (CAS) 
such as electrons, radicals, and excited molecules, some 
chemistry that was not observed in the thermally activated 
process might be present. However, for reactions that occur 
under high-temperature conditions, such as partial oxidation, 
the relative concentration of CAS (typically 10 10 -10 14 /cm 3 ) is 
too small to dominate the process. Therefore, the first reason 
is not sufficient to explain the increase in C0 2 selectivity 
without a decrease in CO selectivity. A comparison of 
temperatures can provide an answer to the second problem. 
Fig. 7 compares the temperature obtained from equilibrium 
calculations and from the experiment. The point of 
measurement was the center of the reactor and 7 cm down¬ 
stream from the conical electrode tip. To insulate the ther¬ 
mocouple from the electric streamer, it was encapsulated in 
a quartz tube. The encapsulation may have deterred the 
response and somehow caused an underestimation. However, 
although the temperature may have been underestimated and 
the temperature was not a precise representative of the 
reaction temperature, the increase in temperature with the 
increasing 0 2 /C ratio was clearly not sufficiently high to reflect 
an increased portion of combustion. These results support the 
conclusion that much of the excess 0 2 is not used to increase 
the portion of oxidation for H 2 and CO and that there are other 
sources of C0 2 than reformate CO oxidation. 

3.4. Role of additional oxygen 

In the reforming process, possible sources of C0 2 include (1) 
oxidation of reformate CO, (2) oxidation of carbonaceous 
species involved in soot generation, (3) oxidation of direct 
carbon and coke from decomposition and oxidation of lower 
hydrocarbon (n < 4), and (4) cracking and oxidation of higher 
hydrocarbons (n > 5). 

Choice (1) is clearly not the answer because the selectivity 
of CO did not change while the selectivity of C0 2 increased. To 
figure out the effects of (2), the characteristics of particle 
generation with varying 0 2 /C ratios were investigated. 
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Fig. 9 - NDPM (normalized density per unit mass of F ig. 10 - Selectivity of C 2 species against 0 2 /C ratio, 

reactant particle). _ 


Soot particles that are typically generated in the combus¬ 
tion process follow these steps: 

Polycyclic aromatic hydrocarbon (PAH) formation —> PAH 
polymerization —> soot inception —► agglomeration. 

The oxidation of intermediate species in one or multiple 
steps reduces the particles both in number and size by 
blocking their inception and agglomeration. Therefore, the 
amount of C0 2 from the oxidation of intermediate species of 
soot can be estimated by measuring the particle number and 
size using differential mobility analyzer and condensation 
particle counter. In the experiment, the amount of fuel was 
different for each 0 2 /C ratio, and the amount of fuel itself can 
affect the agglomeration characteristics. Therefore, the total 
number and particle generation by unit mass of fuel was also 
compared. The particle size distribution for each 0 2 /C ratio is 
given in Fig. 8. 

When the 0 2 /C ratio was 0.5, agglomerated particles typi¬ 
cally around 100 nm in size were observed. As the 0 2 /C ratio 
increased, the distribution became bimodal (0 2 /C = 0.6), as an 
intermediate stage of agglomeration was shown from the 
primary particle (first peak about 20 nm) to the agglomerated 
particle (second peak about 100 nm). Further increases in the 
0 2 /C ratio resulted in somewhat different behavior. As the 0 2 / 
C increased, the bimodal state disappeared; further agglom¬ 
eration of the particles disappeared, but a shift in the peak for 
the primary particle was observed. (The normal peak for the 
primary particle is around 20 nm.) The shift in the peak 
implied sintering and the growth of primary particles without 
agglomeration, which is common at high temperatures and 


Table 2 - HC species measured by GC. 

C number 

Species 

Cl 

ch 4 

C 2 

c 2 h 2 , c 2 h 4 , c 2 h 6 

C 3 

c 3 h 6 , c 3 h 8 

C4 

i-C 4 Hio, n-C 4 Hio 


when the particles are of low density [16]. In terms of 
temperature (Fig. 7), there was no real change in temperature 
due to increased 0 2 /C (about 100 °C); the temperature did not 
seem to have a meaningful effect on the prevention of 
agglomeration. 

Further information on the particle mean diameter, total 
mass, and particle generation per unit mass of fuel is given in 
Fig. 9. (NDPM: the density per unit mass was normalized to the 
value of 0 2 /C ratio as 0.5; i.e., the NDPM of 0 2 /C = 0.5 is one.) 

Although the NDPM did not experience much change, the 
density and diameter showed a monotonic decrease. This 
means that the number of particles generated by a unit mass 
of fuel was not affected by varying 0 2 /C ratios; therefore, the 
excess oxygen only affects the agglomeration process. There 
was not much oxidation of carbonaceous species by the 
addition of 0 2 , and thus did not contribute to the increase in 
C0 2 selectivity. 

Process (3), or the oxidation of direct carbon and coke from 
decomposition and oxidation of lower hydrocarbon, was also 
investigated. Generally, in partial oxidation of hydrocarbons, 
the coke-free condition requires a temperature above 1000 °C 
[17] therefore, the carbon and carbonaceous particulate 
generation is not negligible in the tested condition of this 
study. Direct carbon generation during the reforming process 
typically proceeds, though not necessarily always, in the 
following sequence [18]: 

C n H m —► Olefins -> Polymers —> Coke —> Amorphous 
carbon -» Graphitic carbon 

Direct carbon is rather small in size and difficult to 
measure with a particle analyzer. In addition, elemental 
carbon is known to be generated mainly from the decompo¬ 
sition of Ci-C 4 species [16]. Therefore, the generation and 
oxidation of direct carbon and coke can be inferred from the 
selectivity change of these hydrocarbon species. Table 2 lists 
the species considered in this study. 

The selectivity of the above HC species is given in Fig. 10. 
Except for the C 3 species, most of the species have slightly 
negative correlations with the 0 2 /C ratio; as the oxygen is 
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Fig. 11 - Sum of carbon numbers in C 1 -C 4 species against 
0 2 /C ratio. Here, the sum of the carbon numbers may be 
the index for C0 2 selectivity. 


added, decomposition and oxidation of the HC species take 
place. This may be the source for the increased selectivity of 
C0 2 . Based on the measured selectivity, the contribution of HC 
species to the increase in C0 2 selectivity was estimated. As the 
higher HC species contribute more to C0 2 generation, the 
weighted sum of selectivity was compared for each 0 2 /C ratio. 
The expression of the weighted sum is defined in the 
following equation. A smaller weighted sum (W.S) results in 
a bigger contribution to the increase in selectivity of C0 2 . 

W.S(0 2 /C) = £s( 0 2 /C )„ m xn ( 6 ) 

n =1 

where Sum is the selectivity of species C n H m . 

The sum is plotted against 0 2 /C ratio in Fig. 11. An increase 
in 0 2 /C clearly results in a decrease in selectivity of HC 
species. However, although the reduction is clear, it is not 
enough to compensate for the amount of increase in C0 2 
selectivity for the increment of C0 2 due to oxidation of 
reduced carbons in HC species (C 1 -C 4 ) only accounts for one- 
third or less of the amount. 

Consequently, as a result of estimating the possible sour¬ 
ces of C0 2 (candidate processes (l)-(3)), most of the C0 2 was 
inferred to come from oxidative cracking of heavy hydro¬ 
carbon species, which is why additional oxygen seems to be 
preferentially involved in the cracking, oxidation, and dehy¬ 
drogenation of heavy hydrocarbon species. This is also why 
when there is excess 0 2 , no visible decrease in H 2 and CO was 
observed in contrast to theoretical analysis, which expects 
that the addition of excess 0 2 increases the portion of 
complete oxidation or combustion [12]. Detailed analysis of 



each species of heavy hydrocarbon is not available as that was 
not in the scope of this study. Further kinetic study on 
oxidative cracking of heavy hydrocarbons may reveal the 
mechanism for excess 0 2 consumption. 

The effect of excess 0 2 , in terms of process efficiency for 
hydrogen production was also estimated by defining the 
specific input energy density (SIED, kJ/L H2 ) as the amount of 
electric power supplied for the production of a unit volume of 
H 2 . The results are tabulated in Table 3. 

Here, SIED is a parameter in viewpoint of only product. 
How much of electric power is required to produce target 
product and it does not concern the process itself. So we need 
another parameter for the efficiency of the process itself or 
thermal efficiency. Typically thermal efficiency can be defined 
as in Eq. (7) [19] 

_ (Nh 2 +N C o)-LHVh 2 

V N fuel • LHVfuel + Qin U 

The changes in thermal efficiency by varying 0 2 /C ratio 
condition are given in Fig. 12. (Test condition in Fig. 12 is not 
for a maximum efficiency condition, it only shows parametric 
effect of 0 2 /C ratio in efficiency.) 

Thermal efficiency does not show much difference along 
with 0 2 /C ratio that means the selectivity of hydrogen does 
not have strong correlation with 0 2 /C ratio within tested 
condition. However, as the 0 2 /C ratio increases, thermal effi¬ 
ciency approaches that of equilibrium condition. That is why 
as the 0 2 /C ratio increases, relatively high-temperature envi¬ 
ronment is provided that is favorable for H 2 production. Input 
power was 9-16% of LHV of fuel. To verify 0 2 /C effect on 
thermal efficiency, the effect of relative plasma power should 
be isolated. So, the effect of 0 2 /C ratio on thermal efficiency 
and SIED are compared on the basis of the same {plasma 
power/fuel heating value] base. 

As is shown in Table 4, 0 2 /C ratio does not affect much on 
thermal efficiency. Confirming aforementioned results that 
excess 0 2 preferentially affects oxidation process of 



Fig. 12 - Thermal efficiency of the reforming process for 
equilibrium condition (solid line), experimental result 
calculated without plasma power in denominator 
(rectangle) experimental result with plasma power (circle). 
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Table 4 - Thermal efficiency and SIED in constant power 
to heating value condition. 


0 2 /C 0.5 0.7 1.0 

Thermal efficiency (%) 20.32 20.15 20.29 

SIED (kJ/L H2 ) 11.53 15.27 16.03 


carbonaceous species instead of H 2 generation process. 
However, SIED shows difference that is why SIED only focuses 
process efficiency of H 2 production. 


4. Conclusion 

The diesel reforming process was investigated with a particular 
focus on the effect of the 0 2 /C ratio. The composition of the 
reforming product was compared with the equilibrium condi¬ 
tion. The addition of 0 2 was expected to increase the portion of 
the combustion process, but the temperature and selectivity of 
H 2 and CO showed that the increase in the combustion portion 
was less than what is expected from equilibrium conditions. 
Only the selectivity of C0 2 increased significantly. Possible 
sources of C0 2 in the reforming process include (1) oxidation of 
reformate CO, (2) oxidation of carbonaceous species involved in 
soot generation, (3) oxidation of direct carbon and coke from 
decomposition and oxidation of lower hydrocarbon (n < 4), and 

(4) cracking and oxidation of higher hydrocarbons (n > 5). Of 
these choices, the contribution of processes (l)-(3) to an increase 
in C0 2 selectivity was shown to be minor. The selectivity of 
reformate CO does not decrease while the selectivity of C0 2 
increases. Analysis on the characteristics of particle generation 
revealed that excess 0 2 has influence on the agglomeration 
process only and excess 0 2 prevents particle agglomeration 
resulting in decreased particle size and total mass. Tracing the 
selectivity of C!-C 4 along with 0 2 /C showed that decomposition 
and oxidation of direct carbon and coke from these species can 
produce C0 2 , but the amount is at best one-third the increase in 
C0 2 selectivity. Taking these results into account, it was 
concluded that heavy HC species with carbon numbers above 5 
are mainly responsible for the increase in C0 2 selectivity. 
Plasma seems to play a specific role in using additional oxygen 
preferentially for oxidative cracking of heavy hydrocarbon 
species. Although the selectivity of H 2 does not change with 
increasing 0 2 /C, excess 0 2 lowers the process efficiency of H 2 
generation by introducing oxidation of carbonaceous species. 
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